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---- Abstract- 
An electro-plating and diffusion method has been de- 
veloped for  the production of superconducting ternary 
lead molybdenum sulfide (PbMo6S8) tapes. These tapes 
were prepared by plating a Mo tape w i t h  lead, and w i t h  
subsequent heat treatment i n  sulfur (SI vapour from 
kolybdenum sulfide (MoS2). Samples were examined w i t h  
SEM, XMA, and X-ray diffraction techniques. 
Optimal reaction-temperature and Pb-plating conditions 
gave a c r i t i ca l  temperature of about 14 K ,  and a res i s -  
t ive t ransi t ion w i d t h  of less  than 1 K.  The value of 
Jc  was relatively large,  and reached 1.8 x 10 A/cm 4 2  
i n  a 14 T magnetic f i e l d   a t  4.2 K.  The relatively large 
values of Jc i n  strong magnetic field suggest the need 
f o r  a more detailed analysis of the preparation con- 
dit ions and the pinning mechanism i n  this compound. 
Introduction 
Chevrel-phase compound,  PbMo6S8, is very interesting 
as a superconducting  material due t o  i t s  extremely 
h i g h  c r i t i ca l '  f i e ld ,  Bc2= 50 T a t  4.2 K ,  and substan- 
t i a l l y  h i g h  c r i t i ca l  temperature, Tc= 15 K ( 1  1. 
Therefore, this compound is  one of the most promising 
materials for the production of steady-state magnetic 
f ie ld  of about 30 T. 
So f a r ,  only 1 i t t l e   e f f o r t  has been directed towards 
the fabrication of t h i s  compound,  and t o  improve the 
superconducting properties, especially the critical 
current density Jc. When compared w i t h  other super- 
conductors such as NbTi or Nb3Sn,  PbMo6S8 appeares as 
a more complicated substance. For Pb,Sn compound, devi- 
ations from the stoichiometric formula (Pb,Sn)Mo6S8 were 
reported ( 1 , Z ) .  I t  comprises of three chemically dif- 
ferent elements, and i i t t l e   i s  known of the metallugy 
of this compound.  The high vapour pressure of sulfur 
and lead seems to  render the samples homogeneous. 
The most important requirement of the practical 
superconductor i s  that  i t  should carry a la rge  d iss i -  
pation-free transport current a t  a h i g h  f i e ld .  In 
recent years, several investigations reporting cri t- 
ical current densjty, Jc, i n  t h i n  films, wires and b u l k  
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samples have  been published (3-1 1 ) .  For example, i n -  
ductively measured J c  values were about 1 x 1 0  A/cm 4 2  
a t  1 4  T and 4.2 K fo r  bulk samples (8,711. The resis-  
t ively measured Jc values so far reported,  however, 
a re  not high enough for practical  applications.  
Seeber e t  a1 produced PbMo6S8 wires by a powder- metal- 
lugical technique. Although by th i s  method i t  is  pos- 
s ib le  t o  produce very long wires, the critical current 
density of such a wire was Jc= 3  x 10 A/cm a t  6.5 T 
and 4.2 K (10).  Recently, we have produced Mo-PbMo6S8 
wires by an electro-plating and diffusion method. 
The res i s t ive ly  measured J, was relatively high, 
Jc= 1 x 10  A/cm a t  12 T and 4.2 K ( 1 2 ) .  The possi- 
b i l i t y  of using this process to  prepare superconducting 
multifilament wires, however, must be further inves- 
tigated. 
3 2  
4 2  
In th i s  paper, we report investigations on the 
fabrication of PbMo6S8 tapes by an electro-plating 
and diffusion method. Critical currents i n  these tapes 
were measured as a function of applied magnetic f i e ld  
up to 14 T .  This work  was used t o  demonstrate the 
possibil i ty of producing superconducting tapes of 
PbMo6S8 ternary molybdenum sulfides.  The emphasis is 
p u t  on the improvement  of the critical current density 
of t h i s  compound. 
Sample characterization and experimental 
Procedure 
PbMo6S8 tapes were prepared by a two step proce- 
dure. F i r s t ,  a Mo tape, 50 pm i n  thickness and 1.5 mm 
w i d t h ,  was plated w i t h  lead by the electro-plating 
technique (12) .  The plating time was adjusted to:pro- 
duce a lead layer approximately 0.5 mm thick a t  the 
surface of the Mo tape. This tape was then sealed i n  
an evacuated quartz tube, and heat treated in sulfur 
vapour from MoS2 f o r  14 hours a t  about 1000 "C. The 
heating-up time from room temperature to 1000 "C was 
about 30 minutes, or 3 hours. 
The X-ray diffraction measurements were performed 
on PbMo6S8 powder obtained from the crushed surface 
layer of a heat-treated tape. The diffraction patterns 
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were nearly identical to those of sintered samples. 
This analysis revealed no accurate traces of MOSe or  
PbS phases. 
final product was a tape with a PbMo6S8 layer about 
180-270 pm thick. Cracks, which were seen in wire ( I I ) ,  
a r e  not observed i n  samples prepared by this  current  
method. The typical microstructure of the specimens i s  
shown i n  Fig.2(a). A finely divided structure o f  aver- 
age grain size 1 pm was observed. F i g . 2 ( b )  shows a 
SEM micrograph of a thin film ( 9 ) .  In this thin film, 
the grain size is  larger than that of the tape sample, 
1 pm. I t  has been  shown that in A-I5  compounds, such 
as Nb3Sn, the flux pinning caused by the small grain 
s i ze  i s  required t o  obtain high Jc values. This may 
also be true of PbMo6S8 compound, therefore a small 
grain size with the ideal composition may  be required 
t o  obtain higher Jc values. 
The superconducting parameters Tc or Jc were mea- 
sured by u s i n g  the four probe technique to eliminate 
the effect  of contact resistance appearing across the 
voltage terminals. The measurement of the  c r i t i ca l  
current was carried out in a 16.5 T superconducting 
magnet a t  Tohoku University. The f i e ld  was perpendic- 
ular t o  the current and para1 le1 to the tape plane. 
A 5-pVlcm criterion was used t o  define the cri t ical  
current. From the observed cr i t ical  current  IC and the 
observed total  PbMokS8 cross-sectional area,  the cri t-  
' ical current density Jc was calculated. 
Fig.1 shows a cross-sectional cut of the tape. The 
100 ,urn 
I 
Fig.1 SEM micrograph of a tape (cross-sectional cut). 
Cracks, which  were seen in wire specimen ( I I ) ,  
a re  not observed. 
Fig.2 SEM micrographs. ( a )  Tape specimen, ( b )  
Thin film specimen. 
Results and discussion 
The resist ively measured c r i t i ca l  temperatures were 
relatively high, and typically 14 K (midpoint t rans i -  
t i on ) .  The resis t ive t ransi t ion width was less  than 
1 K for  most samples. These values, however, were 
strongly affected by the reaction temperature in this 
fabrication method. The h i g h  Tc's resulted from a 
reaction a t  temperatures above 1000 O C .  Temperatures 
lower than 1000 "C leads t o  a decrease in Tc. 
Fig.3 fo r  the tape (sample No.1). As  hown i n  t h i s  
figure the tape indicates a sharp transition from the 
superconducting t o  normal s t a t e .  The cr i t ical  current  
densities of several tapes are shown i n  Fig.4 as a 
function of applied magnetic f ie ld .  All measurements 
were  made in liquid helium t o  avoid heating effects. 
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Fig.3 Current-voltage characteristics. 
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ature  to  about  1000 "C i n  about 30 minutes. 
The highest value of  Jc observed was about 1.8 x 10 4 
A/cm a t  14 T  and 4.2 K ( No.1). This  value i s  r e l a -  
t i v e l y  h i g h ,  and comparable t o  t h e  b e s t  r e p o r t e d  i n  
bu lk  samples. According t o  Kramer's scal ing law(6), 
I c1 /2B1 /4  product i s  p r o p o r t i o n a l  t o  a  m a g n e t i c  f i e l d .  
2 
Fig.5 shows t h i s  parameter fo r  seve ra l  samples. The 
cu rve  fo r  sample No.1 i s  approx imate ly  l inear ,  and the 
slope i s  smal l .  Therefore,  th is sample seems t o  be 
homogeneous f o r  t h e  most pa r t ,  and c o n s i s t s  o f  t h e  
s i n g l e  phase having  high Bc2 value. Samples (No.2-5) 
may no t  be homogeneous. 
I n  a low magnetic f ield, observed Jc values were 
s t i l l  low compared w i th  the .o ther  compound such  as 
Nb3Sn o r  V3Ga. From these resul ts the superconduct ing 
tape o f  PbMo6S8, however, may be used up t o  h i g h  f i e l d .  
A l though the corre la t ion between the Jc values and the  
r e a c t i o n  c o n d i t i o n s  i s  n o t  c l e a r ,  t h e  f a b r i c a t i n g  
method was deve loped  to  ob ta in  a  h igh  c r i t i ca l  cu r ren t  
density.  Homogenization wil be  improved by longer  re-  
a c t i o n  and heating-up times. 
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Fig.4 C r i t i c a l  c u r r e n t  d e n s i t i e s  Jc vs. appl ied 
magnetic f i e l d  B. 
Conclusion 
The superconducting PbMo6S8 tapes have  been  produced 
w i t h  an  e lec t ro -p la t i ng  and d i f f u s i o n  method, and c r i t -  
i c a l  c u r r e n t s  have  been measured up t o  14 T. By t h i s  
. method, homogeneous and high  Jc PbMo6S8 layers were 
4 
' obtained, so t h a t   t h e  Jc o f  t h e  tapes  exceeded 10 
A/cm2 a t  10 T. The v a l u e  o f  Jc a t  14 T and 4.2 K i s  
subs tan t i a l l y  h ighe r  than  the  res i s t i ve l y  measured one 
f o r  w i r e  samples (IO), and  comparable to  the  i nduc -  
t i v e l y  measured one f o r  b u l k  sample ( 8 ) .  C r i t i c a l  c u r -  
h 
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Fig.5 Ic1/2B1/4 versus B (a f te r  Kramer 's  sca l ing  
low ). 
r e n t  d e n s i t i e s  i n  t h i s  t y p e  of t a p e  a r e  s t i l l  i n s u f -  
f i c i e n t  f o r  p r a c t i c a l  a p p l i c a t i o n s .  However, the 
resul ts  are encouraging and such app l i ca t i ons  may be 
possible. 
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